Both high brightness and high efficiency of polymer light-emitting diodes can be obtained by electrical annealing after an appropriate thermal treatment. Light-emitting diodes made of poly ͓2-methoxy-5-͑2Ј-ethyl-hexyloxy͒-1,4-phenylene vinylene͔ ͑MEH-PPV͒ with an Al electrode were used for this study. Thermal annealing after Al deposition dramatically enhanced the luminous efficiency of electroluminescent ͑EL͒ devices about 230 times at 350 mA/cm 2 , and the maximum external quantum efficiency ͑QE͒ also approached 1.43% photons/electrons. With the bias voltage annealing after thermal annealing, not only the onset voltage of the device was reduced but also the efficiency was further enhanced. This enhanced luminance and efficiency is attributed to the dipoles and accumulated space charges of polar ionic impurities within the MEH-PPV that induce more electronic charges for bipolar recombination. We obtained an external QE of 1.96% photons/ electrons after 170°C thermal annealing and 15 V bias annealing.
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Since the electroluminescent ͑EL͒ phenomena from conjugated polymers was discovered in 1990, polymer EL devices have been attracting great interest due to their potential applicability to flat panel displays. 1 Luminance in this system is achieved through the radiative recombination of electronhole ͑EH͒ pairs that exist as excitons. Much effort has been focused on an optimization of the device performance with respect to high efficiencies, low onset voltage, stable operation, etc. There has been increasing interest in achieving a more balanced recombination of the hole and electron in the emissive layer to improve the EL efficiency. A problem originates from the fact that most EL polymers reported to date only allow dominant hole transporting in one direction, the forward dc bias. 2 A particularly useful method to solve this problem, which has been well known in recent years, is to introduce a novel charge transporting material as an additional layer or to attach a moiety with high electron affinity to emissive backbones. 3, 4 Incorporation of bionic materials in the blend consisting of an emitting material and poly ͑ethyl-ene oxide͒ also helps to obtain the high luminous efficiency of light-emitting cells in the form of a p-i-n junction even at room temperature. 5 Promising candidates for an electron injecting and hole blocking material are ion-containing ionomers and single-ion conductors, which facilitate the electron injection by ionic dipoles and accumulated space charges, respectively. [6] [7] [8] Recently, it has been suggested that ionic species could improve the properties of polymer EL devices, even when introduced unintentionally during the synthesis process of the emissive polymer. 9 Huang et al. reported that the introduction of ionic species into the emissive polymer by iodine doping resulted in an increase in efficiency and reduced onset voltage in polymer EL devices. 10 This letter introduces a method for achieving high efficiency in polymer light-emitting diodes based on poly͓2-methoxy-5-͑2Ј-ethyl-hexyloxy͒-1,4-phenylene vinylene͔ ͑MEH-PPV͒: after thermal annealing, we use a bias electric annealing, which is a kind of poling of internal ionic charges by the electric field.
We synthesized MEH-PPV as an emissive material according to the reported synthesis scheme.
11 MEH-PPV dissolved in dichloroethane was spin coated with a 120 nm thickness on the 8 ⍀/ᮀ ITO coated glass substrate. The resulting film was baked in a vacuum oven at 60°C for 1 h to remove any residual solvent; this was followed by Al deposition by thermal evaporation in vacuo 10 Ϫ6 Torr. The single layer device of ITO/MEH-PPV/Al structure was then annealed in a vacuum oven at 170°C and then, the thermally annealed device was also annealed by a steady bias electric field at various levels. The luminance of the devices was measured by a spectroradiometer ͑Minolta CS-1000͒ and the photodiodes connected to the optical power meter and the current were measured by a current-voltage source measurement unit ͑Keithley 238͒.
First, we tried thermal annealing of the EL devices to improve the luminous output and efficiency as reported elsewhere. 12 We discovered the best condition for thermal annealing for the highest efficiency of the devices. The postdeposition ͑after Al deposition͒ annealing makes the EL device most efficient among pre-͑prior Al deposition͒, post-, and postannealing after preannealing. The best thickness for efficiency was 120 nm. We studied the annealing time dependence of the efficiency of the EL devices. Figure 1 shows the current and luminance characteristics of thermally annealed devices. Figure 1͑a͒ shows the change of current with the voltage at various annealing times. The figure shows that thermal annealing for 60 min minimizes the operating voltage of the devices. Longer annealing tends to increase the operating voltage. We attribute this phenomenon to the increase of an interfacial layer between the emitting layer and a͒ Author to whom all correspondence should be addressed; electronic mail: oopark@kaist.ac.kr APPLIED PHYSICS LETTERS VOLUME 77, NUMBER 21 20 NOVEMBER 2000 the Al cathode. The inset of Fig. 1͑a͒ shows the existence of an interfacial layer formed after postdeposition annealing. The thermal annealing after Al deposition at high temperature forms an interfacial layer near the Al electrode by breaking the CϭC bond into the immediate formation of C-Al and C-O-Al bond, 13 which was confirmed by Fourier transform infrared ͑FTIR͒ and the blue shift of EL spectrum. 12 In addition, the postdeposition annealing enhances the interface adhesion between Al and MEH-PPV by the chemical interaction. Thus, the effective area for electron injection increases so that the EH recombination rate also increases accordingly. The distance between the dotted lines of Fig. 1͑a͒ is shorter than that between the solid lines, which indicates a reduction of the band gap of the MEH-PPV after thermal annealing. After predeposition annealing at high temperature above the glass transition temperature (65°C), we measured the optical band gap by UV/vis spectrophotometer and found out that the optical onset is more redshifted so that the band gap of MEH-PPV is narrower by 0.1 eV relative to that of the dilute solution, which is mainly due to the change of the ring torsion angle toward coplanarization by interchain packing. The interfacial layer helps hole blocking and reduces the exciton quenching at the interface. Therefore, the bipolar recombination was greatly enhanced so that the luminous efficiency was improved by about 230 times at 250 mA/cm 2 compared with the unannealed device. Thermal annealing for only 1 h makes the devices most efficient as shown in the inset of Fig. 1͑b͒ . The maximum external quantum efficiency ͑QE͒ reached up to 1.43% photons/electrons. This is quite remarkable in that the performance is comparable to devices with a low work function metal such as Ca. 2 We tried electrical annealing as an additional treatment by a steady bias voltage to improve the device efficiency further. The ionic charges in organic/polymer LEDs under steady forward or reverse bias operation give a substantial effect on the luminance intensity and the efficiency. 14, 15 In the case of our device, the luminance of EL devices tends to increase with time under a steady electric field. On reaching a saturation point of luminescence, we stopped the steady bias annealing and tested the current-voltage-luminance (I -V -L) characteristics. Luminance and QE tends to increase with time as Fig. 2 shows. Upon applying the static electric field through the polymer film, polar dopant molecules can be oriented along the direction of the electric field. Since we do not insert any dopant molecules into the emissive polymer, only ionic impurities introduced unintentionally during the synthesis of the emissive polymer act as dopant molecules. It has been reported that the light-emitting cell devices with ionic species show an increase of luminance during some period under a steady bias field. 16, 17 Similar behavior was also observed in ion doped LEDs. 18 Under steady bias, ionic polarization and diffusion occur to form a dipole moment and ionic space charges near the electrodes, facilitating the charge injection. 15, 19 This fact leads to a selfenhancement in the EL output. [15] [16] [17] In other words, the ionic dipoles and space charges induce opposite charges from the electrodes: the electron injection from the cathode and the hole injection from the anode, which contributes to more bipolar recombination for higher efficiency of the devices. The injected electrons and holes from the two electrodes recombine with the EH pairs and decays radiatively.
The current at the initial stage in Fig. 2͑a͒ tends to increase slowly but irregularly up to a certain point due to the ionic dipoles and space charges. The abrupt increase of current at initial stage may originate from leakage current of the device. A steady increase of current was not clearly observed due to the leakage current in case of a low bias as shown in Fig. 2 . However, the steady increase was observed when higher bias voltage was applied to the device although the figure is not shown in this letter. Therefore, we can conclude that the enhanced luminance and QE of electrically annealed devices is mainly attributed to the dipoles and space charges by ionic impurities. The external QE was largely improved by the bias annealing as shown in the inset of Fig. 2 . The bias annealing at 10 V greatly enhanced the recombination rate of EH pairs and thus improved the external QE from 0.001 06% to 0.0225% photons/electrons after 170 s. We obtained the external QE of 1.96% photons/electrons after 170°C thermal annealing and subsequent 15 V bias annealing.
Another remarkable characteristic after bias annealing is the reduction of the onset voltage without any loss of maximum optical output. Figure 3 shows the luminance versus voltage characteristics around onset voltage for light emission. Our post-͑deposition͒ annealed MEH-PPV devices showed an increase of the onset voltage with an increase in the thickness; this is contrary to the reported MEH-PPV devices elsewhere.
2 As the applied bias for annealing increases, the onset voltage generally tends to decrease. Finally, we obtained an onset voltage of 3 V by positively biased 15 V annealing but annealing above 15 V deteriorated the stability of the device, though it enhanced luminance, so that annealing at the high voltage should be carefully considered.
At the high field, it is easy to rapidly form ionic charge accumulation and polarization near the electrodes to induce the charge injection. The luminous intensity reaches the maximum more rapidly at the higher electric field because ionic diffusion depends on the applied field, as shown in Fig.  4 . The increase of luminance is not due to thermal annealing by the Joule heat generated during the device operation, suggested by Yuan et al., 20 because Fig. 1 clearly shows that thermal annealing longer than 1 h plays a negative role in the device efficiency. Figure 4 shows that the saturation time of luminance during annealing depends on the applied bias, which implies that the ionic diffusion process is involved. The higher bias for annealing accelerates the ionic diffusion rate within the devices. The difference between the initial and final luminance shown in Fig. 4 tends to decrease as the applied bias for electrical annealing increases.
In summary, thermal annealing after Al deposition greatly improves efficiency in polymer LEDs. After thermal annealing, bias annealing induces ionic diffusion toward the electrodes. As a result, the optical output is remarkably increased due to the ease of charge injection by an ionic dipole moment or space charge field near the electrodes. The onset voltage is reduced after bias annealing and the luminous efficiency is also enhanced. In conclusion, the additional bias annealing in addition to thermal treatment is strongly recommended to achieve better performance of the polymer LED devices.
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